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INTRODUCTION

25
Peatlands are crucial global carbon (C) stores [1, 2] , containing about 15 -30% of all terrestrial 26 organic C (OC); equivalent to 455 Gt (10 15 g) C [1] . Microbial biomass (MB) is a key actor (as catalyst) in all peat biogeochemical processes, controlling the OC sequestration and decomposition 28 [3] . They also contribute to the peat C exchange via respiration and necromass addition to the peat 29 soil organic matter (SOM; upon cell death) via the microbial carbon pump (MCP; [4] ). Although 
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following water level draw-down, modifies the influence of temperature and water content on peat microbial activities [16] . Different studies have suggested that, drainage could increase or decrease 48 microbial biomass (total or some groups), depending on the peatland type and depth [9,13]. Jaatinen 49 et al [13] showed that, fungi and actinobacteria suffer from drainage in nutrient-rich fen, but in the 50 drained bog, while fungi either suffer or benefit, actinobacteria remain the same or become more 51 abundant. In general, fungi and bacteria are said to benefit (biomass increase) from persistent drainage 52 of wet mesotrophic fen sites while actinobacteria suffer or show only minor response [9, 15] . More studies have also related the changes in peat C sequestration and decomposition activities, following 54 drainage, to changes in the structure of below-ground microbial communities [5, 16] . Changed 55 microbial diversity, due to drainage-induced higher quality and quantity of OC inputs, coupled with 56 more oxygen availability, could increase the rate of SOC cycling; leading to changes in the balance 57 of peat-atmosphere C exchange [5, 10, 17] .
58
As reliable quantitative biomarkers of viable microbes (since they are short-lived and readily 
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This study was therefore aimed at examining the effect of long-term drainage on the microbial 75 communities in the depth profiles (top-bottom) beyond the surface, especially the bottom layers, of 76 two peatland sites differing in nutrient status. We compared the biomass and structure of the microbial 77 communities (indexed by total and relative abundance of PLFA, respectively) between the natural 78 and drained sites of fen and bog, representing boreal peatlands of different fertility after 51 years of water level draw-down. Specifically, we also investigated the effects of drainage on some selected 80 microbial groups. We hypothesised that (1) long-term water table decrease will increase microbial 81 biomass in the deep anoxic layers and (2) influence the microbial community structure in the anoxic 82 layers. We also hypothesized that long-term drainage will increase microbial biomass more in the fen 83 than in the bog site.
85
MATERIAL AND METHODS
87
Study sites
89
The study was conducted at two peatland sites (one fen and one bog) within the Lakkasuo boreal are adjacent natural and drained sites of different fertility along a border ditch (Fig. S1 ). There were 97 differences in the original fertility, water table and vegetation composition between the natural 98 ombrotrophic cotton grass pine bog with Sphagnum fuscum hummocks (bog) and the natural 99 minerotrophic tall sedge fen (fen) sites sampled. Especially at the drained fen, but less so at the 100 drained bog, drainage caused marked changes to the hydrology, peat and vegetation properties, 101 carbon dioxide (CO2) and CH4 fluxes as shown in previous studies ([28,30-33] ; summarized in Table   102 1). For example, the average of six-month water table before the sampling date were -8.0 and -34.9 103 cm for the natural and drained fen whereas it was -12.00 and -16.38 cm for the natural and drained 104 bog, respectively (Fig. 1) . Also, CO2 fluxes increased in both sites and CH4 fluxes ceased in the fen and were reduced by half in the bog after 30-32 years of drainage. Thus there is strong evidence for 106 significant, long-term changes in peat characteristics and greenhouse gas fluxes. The pH increased 107 from the surface downwards in the natural and drained sides of both sites (Fig. S2) . In general, the 108 bog site is more acidic than the fen site and this was also confirmed by the previously reported pH 109 values ( Fig. S2 & S3) . Although temperature measurements vary seasonally, the temperature in deep 110 peat is rather constant (~ 6 -8 °C). The bulk densities (BD) at different depths between the drained 111 and natural are the same in the bog site but different in the fen site (Fig. S2) . 
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Multivariate analysis of ecological data. MjM Software, Gleneden Beach, Oregon, USA).
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PerMANOVA was done using FORTRAN program by Anderson [46] . Table S1 ). There was no correlation between pH and total microbial 219 PLFA biomass either in the combined dataset of the fen and bog, or the fen and bog separately. In all 220 but the 50 -100 cm depth of the fen site, total microbial PLFA biomass was higher in the drained 221 compared to the natural site. In the bog site, the total microbial PLFA biomass was only different 222 between the drained and natural sites at the top and bottom layers, where the amount was smaller in 223 the drained site ( Fig. 2A , Table S1 ).
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There were also depth differences in the total microbial PLFA biomass in both the natural and 225 drained fen, but only in the natural site of the bog ( Fig. 2A , Table S2 ). In both the natural and drained 226 fen, the amount of microbial PLFA biomass in the surface layer (0-25 cm) was higher than the amount 227 in the 25-50 cm layer, but similar to the amount in the bottom layer. In the drained fen, the total 228 microbial PLFA biomass was also higher in the surface layer than in the 50-100 cm layer, which was 229 not the case in the natural fen (Table S2 ). In the natural bog, the amount microbial PLFA biomass 230 was higher in the surface layer than in all the other depth layers, which were similar to one another 231 (Table S2) .
232
As visualised with NMS ordination, there were differences in the microbial community PLFAs 233 structure between the fen and bog sites (Fig. 3) . NMS (R 2 -values of axes) further suggests that the 234 variation in the microbial community structure was explained by both depth and drainage in both the (PERMANOVA), which showed that drainage and depth independently affected the microbial 237 community structure in both the fen and bog sites (Tables 2 & 3 The overall concentration of all the major microbial group PLFA followed the same trend as the 247 total microbial PLFA, being higher in the fen than the bog site especially in the drained site (Fig. 2B ).
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They were also mostly highest in the surface than deeper layers of both sites. The amount (g m -3 ) of 249 16 C monounsaturated fatty acids (16 MUFAs) was higher in the top two layers (0 -25 and 25 -50 250 cm) of the drained compared to the natural fen site, but lower in the bottom layer (only) of the drained 251 compared to the natural bog site (Fig. 2B) . The relative contribution of 16 MUFAs to the total 252 microbial PLFA (% contribution) did not differ between the drained and the natural sites in both fen 253 and bog, and in all the sampled depths, except in the 50 -100 cm depth of the bog site (Fig. 4A) .
254
Depth affected the amount of 16 MUFAs (g m -3 ) only in the drained fen and natural bog sites. In both 255 cases, the amount (g m -3 ) of 16 MUFAs was higher in the surface (0 -25 cm) layer than the other 256 depth layers, which were similar to one another (Fig. 2B, Table S2 ). There was also no depth effect 257 on the relative contribution of 16 MUFAs to the total PLFAs except in the bog natural, where it was 258 higher in the surface layer (0-25 cm) than in the other depths, which were similar to one another ( Fig.   259 4A, Table S3 ).
The amount (g m -3 ) of 18 C monounsaturated fatty acids (18 MUFAs) was only higher in the sub-261 surface layer (25 -50 cm) of the drained compared to the natural fen site, and lower only in the 262 bottom layer of the drained compared to the natural bog site (Fig. 2C) . The relative contribution of 263 18 MUFAs to the total microbial PLFA (% contribution) was not different between the drained and 264 the natural sites in both fen and bog (Fig. 4B ). There were depth differences, in the amount of 18
265
MUFAs (g m -3 ), in all the sites except in the drained bog. In the sites with depth differences, the 266 amount (g m -3 ) of 18 MUFAs was higher in the surface (0 -25 cm) layer than the other depth layers, 267 which were similar to one another (Fig. 2C, Table S2 ). There was also depth effect on the relative 268 contribution of 18 MUFAs to the total PLFAs in all the sites, except in the bog drained (Fig. 4B, 269 Table S3 ).
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The amount (g m -3 ) of terminally branched fatty acids (BrFAs) was higher in the top two layers (0
271
-25 and 25 -50 cm) of the drained compared to the natural fen site, but lower in the sub-surface (25
272
-50 cm) and bottom layers of the drained compared to the natural bog site (Fig. 2D) . The relative 273 contribution of BrFAs to the total microbial PLFA (% contribution) was not different between the 274 drained and the natural site in both fen and bog (Fig. 4C ). There were depth differences, in the amount Table S2 ). There was no depth effect on the relative contribution of BrFAs to the total PLFAs in all 279 the sites, except in the bog natural site (Fig. 4C, Table S3 ).
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The amount (g m -3 ) of fatty acids, characteristic of fungi (fungi FA), were not different between 281 the drained and natural fen site but was lower only in the surface layer (0 -25 cm) of the drained 282 compared to natural bog site (Fig. 2E) . Neither drainage nor depth affected the relative contribution 283 of fungal FA to the total microbial PLFA (% contribution) in both fen and bog sites (Fig. 4D , Table   284 S3). There were also no depth differences, in the amount (g m -3 ) of fungal FAs in all the sites (Fig.   285   2E ). The higher total microbial PLFA biomass in the natural fen compared to the bog is best explained 292 by the higher nutrient content and pH in the fen than in the bog (Table 1 and Fig. S2) 
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There was viable microbial biomass in all the peat layers of both the fen and bog sites (Fig. 2) .
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The drastic reduction in total microbial PLFA biomass from the surface layer to the 25-50 cm layer 303 in the fen but not in the bog, is likely due to differences in fertility, litter quality [47], with depth, 304 between the bog and the fen (Table S4) . Generally, the microbial biomass PLFA (g m -3 ) increased 305 with increasing nitrogen content (N %), C % and decreasing C/N ratios in the fen, but not in the bog 306 site. There was no decrease in microbial biomass with depth (depth effect) in the bog site, probably 307 due to poor substrate quality (higher C/N ratio). Quite surprisingly, the total microbial PLFA biomass 
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WT depth before our sampling date were -8.0 and -34.9 cm at the natural and drained fen, respectively 342 and, -12.0 and -16.4 cm for natural and drained bog, respectively. Also, the previously reported annual 343 mean WT depths, were always much lower in the drained fen, than the drained bog for most part of 344 the year (Fig. 1 and Fig. S4 ). The much lower WT in the drained fen therefore explains why there 
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The total microbial PLFA biomass at the bottom layers of the drained and natural sites were 
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Drainage increased total microbial PLFA biomass in the surface, subsurface and bottom layers of 384 the fen, supporting our first hypothesis, but decreased it in the surface and bottom layers of the bog 385 site, contrary to our first hypothesis. This is possibly due to differences in their nutrient status, 386 substrate and vegetation changes [13, 22, 47] , as already discussed above. Other reasons could be the 387 usually slight decrease in the WT at the drained bog compared to fen over time ( Fig. 1 and Fig. S4 ),
388
the originally lower quality and availability of the substrate in the bog, which have become poorer 389 after few decades of drainage (Table S4) [5,13,48]. Our C/N ratio results showed similar ratios along the profiles of both the natural and drained fen, suggesting that the increase in microbial PLFA 391 biomass was not due to differences in peat quality. However, the C/N ratios in the bog profiles were 392 significantly higher in the drained sites, especially at the bottom layer. High C/N ratio usually 393 indicates low substrate quality, which also could explain the low microbial biomass in drained bog.
394
We cannot conclusively explain the differences in C/N ratios between the bog sites; possibly caused 395 by loss of N after drainage. Since drainage increases N losses by leaching and plant uptake, it means 396 that we are discussing both the direct and indirect effects of drainage. We also note that, there could 397 have been natural differences in the peat qualities of the bog site before drainage. However, we 398 believe that our basic assumption that the original peat quality was similar holds true, and that the 399 differences we found can be associated to drainage. Hence, according to our third hypothesis, 400 drainage increased the total microbial biomass more in the fen more than the bog site.
401
Similar to several previous studies, peat microbial community structure in this study was indexed those from previous studies, showed that the pH in both the fen and bog sites were mostly reduced;
409
[31] by drainage in all the depth layers ( Fig. S2 and S3) . Therefore, the correlation between the 410 microbial community structure and pH in the natural and drained sites of both the fen and bog sites Table 2 . 
